rium test (QTDT). Results: We found significant association between eight SNPs in the NOS1AP gene region to schizophrenia (minimum p value = 0.004). The QTDT analysis of clinical dimensions revealed an association to a dimension consisting mainly of negative symptoms (minimum p value 0.001). Conclusions: Our findings are consistent with a role for NOS1AP in susceptibility to schizophrenia, especially for the 'negative syndrome' of the disorder.
have implicated a number of genomic regions potentially involved in disease susceptibility [3] [4] [5] [6] [7] [8] [9] . A region of 12 cM on chromosome 1q21-22 produced a parametric multipoint LOD score of 6.5 in a sample of 22 Canadian families [5] . This region harbours several candidate genes for schizophrenia, including the Regulator of G Protein Signalling 4 ( RGS4 ), the Nitric Oxide Synthase 1 (neuronal) Adaptor Protein ( NOS1AP ; also called CAPON ), and the U2AF Homology Motif Kinase 1 ( UHMK1 ). The NOS1AP gene is of particular interest due to its involvement in the glutamatergic neurotransmission system, a pathway thought to play a role in the aetiology of schizophrenia [10] . Several studies have shown significant association between markers in the NOS1AP gene and schizophrenia, in samples from Canada (p = 0.0016), and China (p = 0.000017) [11, 12] . Also, we recently analysed marker D1S1679, located 23.5 kb downstream of the NOS1AP gene, in a schizophrenia trio sample from a South American population isolate (Antioquia) [13] [14] [15] and found a significant association (p = 0.019) [16] . However, other studies have failed to detect such an association [17] . The discordance of the NOS1AP -schizophrenia association results could relate to the marked psychopathological heterogeneity of schizophrenia. Patients can differ widely with respect to age of onset, inter-episode recovery and prominence of both positive and negative symptoms [18] . Since this clinical variability could reflect an underlying genetic heterogeneity, it seems interesting to explore the analysis of clinical dimensions -quantifiable symptom complexes varying across affected individuals -in studies aimed at the identification of genetic loci predisposing to schizophrenia [19, 20] .
To follow-up our previous report implicating marker D1S1679, we obtained data for SNPs in the NOS1AP gene typed in an expanded collection of Antioquian schizophrenia trios. We performed single-marker as well as haplotype-based TDT analyses. In view of the psychopathological heterogeneity of schizophrenia, we also used a dimensional approach to evaluate association between clinical features and the NOS1AP gene. These analyses confirmed association of NOS1AP polymorphisms both to disease and to a clinical dimension comprising negative symptoms of schizophrenia.
Methods and Materials

Study Sample and Clinical Procedures
The study sample consisted of 102 patients diagnosed with schizophrenia (79 males, 23 females; mean age 34.3 8 10.2 years; mean age of onset 21 8 7.2 years; mean duration of the illness 13.4 8 8.7 years) and their nuclear families. For 38 of the patients, both parents were available (complete trios); for 45, one parent and one full sibling were available (parent-sibling-trios), for 3 patients, one parent and two full sibs were available, and for 13 patients, only one parent could be obtained (duos). Three families were of a different structure, two of them comprising the index case, a sibling and a paternal uncle resp. aunt, one consisting of the index case and two full siblings.
Patients with a diagnosis of schizophrenia were recruited in the municipalities of Medellín and Envigado (Antioquia, Colombia) at Hospital Mental de Antioquia, Hospital San Vicente de Paúl, Clínica Sameín, Clínica Insam, and the Mental Health Centre of Envigado.
Patients were assessed by a psychiatrist (J.G., C.L., M.R.) using the Spanish version of the Diagnostic Interview for Genetic Studies (DIGS) previously validated in Colombia [21, 22] . All patients were in remission during the entire assessment procedure. A final diagnosis using DSM-IV-TR criteria [23] was reached through a best estimate procedure which required two experienced psychiatrists (other than the one conducting the interview; C.P., G.R.) to independently reach the same diagnosis of schizophrenia based on the DIGS and clinical records. If no consensus diagnosis could be obtained, a third psychiatrist (J.O.) was consulted. If still no consensus could be reached, the subject was excluded from the study. Additionally, inclusion criteria required at least six out of the eight great-grandparents to be of Antioquian origin. Patients with mental retardation and/or neurological lesions were excluded from the study.
The clinical dimensions were obtained from the Scales of Assessment of Positive and Negative Symptoms (SAPS and SANS) [24] [25] [26] by factor analysis. The SANS and SAPS were applied to all schizophrenic patients by an experienced psychiatrist. To comply with the minimum sample size recommended for factor analysis [27, 28] , the scales were also applied to an additional sample of 150 schizophrenic patients diagnosed according to the same diagnostic criteria and with similar clinical parameters, making for a total sample of 252. However, these additional individuals were not available for genotyping.
This study was approved by the Bioethics Committee of the Universidad de Antioquia (Colombia) and by the Ethics Committees of all participating institutions.
Marker Selection and Genotyping
We selected 24 SNP markers that together cover 314 kb across the NOS1AP gene region. A schematic overview of the markers chosen and their location with respect to NOS1AP is given in figure 1 . The 24 markers included 9 SNPs from the original association study of NOS1AP [11] (numbers in brackets refer to SNP numbering as in fig. 1 Genomic DNA was extracted from blood samples using standard laboratory procedures.
A multiplex PCR assay was developed to genotype multiple SNPs. The multiplex PCR design was based on software described in [30] and genotyping was conducted via a ligation detection assay and scored on a Luminex 100 [31, 32] . Primer sequences and amplification conditions can be obtained from the authors.
Data Analysis
Hardy-Weinberg equilibrium was evaluated separately in founders and cases using the GENEPOP program [33] (available online at http://wbiomed.curtin.edu.au/genepop/). Allele frequencies of non-transmitted alleles were estimated using TDT-PHASE v.2.4 [34] .
The Transmission Disequilibrium Test (TDT) [35] for single markers was carried out as implemented in the TRANSMIT program, version 2.5.4 [36] . TRANSMIT carries out a generalised transmission/disequilibrium test that can be applied to situations of uncertain allele or haplotype transmission, allowing the analysis of data from patients with only one available parent, and to multilocus data even under uncertain phase, thereby permitting the use of all available genotypic data, including all nuclear family structures (data from unaffected siblings are used to infer parental genotypes and haplotypes). The statistic estimated by TRANSMIT follows a 2 distribution and is calculated as (O -E) 2 = Var(O -E), where O and E refer to the number of observed and expected transmissions of alleles/haplotypes. As an alternative method of determining the p value, the program employs a bootstrap method which provides more accurate results than the 2 approximation for small samples.
Linkage disequilibrium across the NOS1AP gene was evaluated using Haploview v3.2 [37] based on parental genotypes. To compare the LD structure in our samples to the LD structure in the European population to which the Antioquian population is very close with 80% autosomal European ancestry [13] , we downloaded the HapMap data for Europeans for the same region from the HapMap project website (http://www.hapmap.org) and displayed the LD plot using Haploview. Regions with the highest levels of linkage disequilibrium were used for haplotype-based TDT with WHAP v.2.09 [38] . For these analyses, the prevalence of the disease in the population was set to 0.5% [1] , and the minimum frequency for a haplotype to be included in the analysis was fixed at 1%. As WHAP only accepts data from parent-offspring trios or duos and cannot accommodate other relatives, WHAP analyses included only 99 index cases: 38 complete trios and 61 duos. Two tests were performed: an omnibus haplotype test (testing the effects of each haplotype against a reference haplotype) and a haplotype-specific test (testing the effect of each haplotype against all others).
Clinical dimensions were obtained by principal component factor analysis performed on the individual items of the SANS and SAPS. Sampling adequacy was evaluated with the KaiserMeyer-Olkin measure (KMO) [39] . The resulting KMO of 0.89 indicated good variable factorability (i.e., the variables under study have a low partial correlation coefficient). Factor analysis was then performed using SPSS 13.0, using the Scree criterion for factor selection [40] . In order to assign items to factors, only the items with a loading of 0.40 or greater were taken into account. The factor solution was then rotated (using the VARIMAX procedure) and factor scores calculated using regression. All factors have eigenvalues 1 1.0, indicating that they account for more variance than any single SANS or SAPS item. Four of the index cases had no quantitative data available, thus reducing the sample size for these analyses to 98.
The factor scores were normalised before QTDT analysis. First, all 98 individuals were ranked based on their dimensional score. Ranks were converted to percentiles [rank/(N + 1), where N is the number of individuals] and z-scores obtained using the inverse standard normal cumulative distribution. The z-scores were then used as input for the quantitative TDT analysis with the QTDT program v.2.5.1 [41] . figure 1 ; b in untransmitted chromosomes; c based on 1000 bootstrap samples.
Results
All markers tested were found to be in Hardy-Weinberg equilibrium, with exception of marker rs4656362 [#12] (p = 0.0197). Marker rs6664602 [#6] was found not to be polymorphic in the Antioquian population. These two markers were therefore excluded from all further analyses.
LD Analysis
The pattern of LD between the SNPs genotyped in the Antioquian sample, as determined by Haploview, is represented in figure 2 a. Two regions of strong LD are apparent, the first one covering markers rs945713 [#5] to rs2661818 [#16], spanning 129.1 kb and comprising introns 2 and 3 of NOS1AP (region 1), the second one covering markers rs1504430 [#18] to rs348624 [#22] and spanning 5.1 kb mostly within intron 8 (region 2).
For comparison, the LD structure of the European HapMap population (CEU) for a subset of the markers typed in this study is displayed in figure 2 b. It shows great similarity to the pattern seen in the Antioquian sample, with two regions of high LD in the same locations as observed in Antioquia.
Single Marker Association Tests
The results of the single marker TDT are summarised in table 1 . Of the 22 SNPs examined, eight showed significant association to schizophrenia (overtransmitted alleles are shown in parentheses):
(A), and rs3751284 [#17] (T). For all eight markers, both the p value based on the 2 approximation and the bootstrap p value are nominally significant. Of these eight markers, seven are in high LD with each other and are located in LD region 1, while the remaining marker, rs3751284 [#17], is not in strong LD with any other marker ( fig. 2 a) . 
Haplotype Association
Haplotype analyses were carried out based on the two LD regions shown in table 1 and figure 2 a. The results of association tests for LD region 1 (markers rs945713 [#5] to rs2661818 [#16]) are shown in table 2 . The omnibus haplotype test resulted in a p value of 0.35, indicating no significant overall association of this region with schizophrenia. In the haplotype-specific test, the p value for the most common haplotype was 0.04 with an odds ratio of 0.54, indicating a possible trend towards (negative) association between this particular haplotype and schizophrenia. 
QTDT Analysis on Clinical Dimensions
Principal component factor analysis identified six clinical dimensions accounting for 57.9% of the phenotypic variance: (1) 1 and 4 ) , whereas for marker rs6680461 [#13], the allele shown to increase the trait value corresponds to the overtransmitted allele in the categorical analysis (allele G).
Discussion
NOS1AP is an interesting candidate gene for schizophrenia susceptibility because its product, the NOS1AP protein, seems to be involved in NMDA receptor mediated glutamatergic neurotransmission, which is thought to be implicated specifically in negative symptoms in schizophrenia [10, 42] . Intracellular NMDA receptor induced signal transmission relies on the interaction of the receptor molecule with the neuronal Nitric Oxide Synthase (nNOS) through a mediator protein, PSD95. NOS1AP competes with PSD95 for interaction with nNOS and is thought to be involved in the regulation of nNOS activity in the neuron [43] . Dysregulation of NOS1AP availability could therefore lead to a disruption of signalling processes following glutamatergic neurotransmission downstream of the NMDA receptor. In line with a possible role for abnormal NOS1AP expression in schizophrenia, Xu and colleagues have recently identified a short isoform of the NOS1AP protein and shown its increased expression in the schizophrenic brain in comparison to healthy subjects in a post-mortem brain study [44] .
The observation of association of several SNPs in the NOS1AP gene to the schizophrenia phenotype and also to specific clinical dimensions of the disorder confirms and extends our previous results with microsatellite marker D1S1679 [16] and further strengthens the link between NOS1AP and schizophrenia.
Of the SNPs found to be associated with schizophrenia in our study, two were also found to be significant in the study by Brzustowicz and colleagues: rs1415263 [#7] and rs4145621 [#11] [11] . Moreover, the associated allele was the same in both studies: the T allele of rs1415263 [#7] , and the C allele of rs4145621 [#11] ( table 1 ) . Interestingly, Xu and colleagues [44] found the expression levels of the short NOS1AP isoform overexpressed in the schizophrenic brain to be associated with the T allele of marker rs1415263 [#7).
The only statistically significant SNP outside LD region 1, rs3751284 [#17], is a synonymous change in exon 6 of the gene. The markers in LD region 1 showing association are located in intron 2 of NOS1AP , and it is possible that these markers are in LD with a further, unidentified susceptibility-conferring variant, such as a regulatory element upstream of the NOS1AP gene. This scenario could also explain the identification of a protective, rather than a risk-conferring, haplotype -the common protective haplotype 1 might be in LD with the protective allele at the susceptibility locus, whereas the risk allele at the same locus might be in LD with not one, but several of the remaining, rarer haplotypes, thereby diluting the susceptibility-conferring effect in the observed haplotypes. Another possible explanation for our findings is that intronic and synonymous exonic SNPs could affect posttranscriptional mRNA processes [45] . In both scenarios, genetic variation could lead to changes in the availability of functional NOS1AP in the neuron and thereby to alterations in glutamatergic neurotransmission.
The analysis of clinical dimensions showed an association between markers rs6680461 [#13] and rs10800405 [#15] and features of dimension 4 (avolition and social isolation), which captures negative symptoms of the disorder. For both markers, the allele associated with increased symptom severity is also overtransmitted to schizophrenic patients in the single marker categorical TDT analysis (although the results do not reach statistical significance for rs10800405 [#15); see tables 1 and 3 ). These findings are consistent with a role of NOS1AP in the NMDA receptor pathway and the NMDA receptor hypofunction theory of the negative syndrome of schizophrenia [10, 42] .
For dimension 1 (affective flattening and alogia), the C allele of marker rs3751284 [#17] was found to increase trait values. However, in the categorical single marker analysis, this allele was found to be undertransmitted to schizophrenic patients. In a similar manner, the C allele of marker rs1415263 [#7] is associated with increased values for dimension 2 (auditory, somatic and visual hallucinations, and first rank and paranoid delusions) but was found to be undertransmitted to schizophrenic patients. The p values from the quantitative analyses are only marginallyally significant, particularly in view of the many tests carried out in this analysis. For marker rs905720 [#21], the direction of association is the same in both categorical and quantitative analyses. However, the categorical results are not significant, and the uncorrected p value in the quantitative analysis is only marginally signifi-cant. Further studies are needed to shed light on a possible role of NOS1AP in dimensions 1, 2 and 6.
While there is mounting evidence for a possible link between NOS1AP and schizophrenia, not all results are consistent. A large case-control study by Puri and colleagues failed to replicate the positive findings in a British sample [17] . Instead, these authors have found an association between schizophrenia and the UHMK1 gene, also located on chromosome 1q23, in the British sample and they suggested that the original linkage signal, as well as the subsequent association results for NOS1AP by Brzusto wicz and colleagues might be due to UHMK1 [46] . However, the analysis of LD patterns in the European Hapmap population in the region encompassing NOS1AP and UHMK1 revealed no significant LD between these two genes (data not shown). Antioquian nuclear DNA has a highly predominant European ancestry, and LD patterns in Europeans are proxy for LD patterns in Antioquia, as seen in figure 2 . We therefore conclude that our results are not due to LD between NOS1AP and UHMK1 .
In conclusion, we have found significant association of markers within the NOS1AP gene to schizophrenia and to a clinical dimension capturing negative symptoms of the disorder (avolition and social isolation). Our results are consistent with previous studies conducted in different populations and provide further evidence for the implication of the NOS1AP gene in the aetiology of schizophrenia. Future work should aim to investigate whether this association, particularly the association of NOS1AP with negative symptoms of the disease. To shed further light on a possible role of NOS1AP in the deficit syndrome, it would be of special interest to focus follow-up studies on deficit patients. 
